Wood-fall ecosystems host chemosynthetic bacteria that use hydrogen sulfide as an electron donor. The production of hydrogen sulfide from decaying wood in the deep-sea has long been suspected to rely on the activity of wood-boring bivalves, Xylophaga spp. However, recent mesocosm experiments have shown hydrogen sulfide production in the absence of wood borers. Here, we combined in situ chemical measurements, amplicon sequencing and metagenomics to test whether the presence of Xylophaga spp.-affected hydrogen sulfide production and wood microbial community assemblages. During a short-term experiment conducted in a deep-sea canyon, we found that wood-fall microbial communities could produce hydrogen sulfide in the absence of Xylophaga spp. The presence of wood borers had a strong impact on the microbial community composition on the wood surface but not in the wood centre, where communities were observed to be homogeneous among different samples. When wood borers were excluded, the wood centre community did not have the genetic potential to degrade cellulose or hemicellulose but could use shorter carbohydrates such as sucrose. We conclude that wood centre communities produce fermentation products that can be used by the sulfate-reducing bacteria detected near the wood surface. We thus demonstrate that microorganisms alone could establish the chemical basis essential for the recruitment of chemolithotrophic organisms in deep-sea wood falls.
Introduction
Wood falls are described as one of the four chemosynthetic deep-sea ecosystems that harbour diverse and specialized macrofauna (Kiel et al., 2009; Bernardino et al., 2010) , meiofauna (Cuvelier et al., 2014) and microorganism communities (Bienhold et al., 2013; Bessette et al., 2014) . The inclusion of wood falls among chemoautotrophic ecosystems refers to the presence of animal species, which are phylogenetically related to hydrothermal vents and cold seep lineages (Dando et al., 1992; Distel et al., 2000; Lorion et al., 2009 ) and host chemoautotrophic symbiotic bacteria. These bacterial symbionts are sulfur oxidizers that may use the hydrogen sulfide released during wood degradation (Duperron et al., 2008) . The origin of this reduced compound is different for wood than for hydrothermal vents, where sulfides originate from abiotic reactions at high temperatures and pressures (German and Damm, 2006) , or for cold seeps, where it is a byproduct of the biotic anaerobic oxidation of methane formed from the degradation of fossil organic matter trapped in sediments (Levin, 2005) . By contrast, in organic falls, like dead whales or wood logs that reach the seafloor, reduced compounds directly originate from the biological degradation of the substrate itself. In the well-studied whale fall systems, the chemoautotrophic community relies on the heterotrophic activity of microorganisms using the lipid content of bone (Deming et al., 1997; Smith and Baco, 2003) . These microorganisms were identified as sulfate-reducing bacteria that used sulfate as a terminal electron acceptor and produced hydrogen sulfide while using small organic compounds, such as acetate as a carbon source (Treude et al., 2009; Shapiro and Spangler, 2009) . By contrast, wood is mostly made of cellulose and lignin, two highly refractory compounds (Gessner, 2005) . Their degradation in anaerobic environments, such as sunken woods, is performed by complex communities of microorganisms, including fungi and bacteria (Ljungdahl and Eriksson, 1985; Leschine, 1995) .
Sunken wood on the seafloor harbour highly diverse bacterial communities that include potential sugar degrading, fermenting and sulfate-reducing bacteria but few potential cellulose degraders (Palacios et al., 2009; Bienhold et al., 2013; Ristova et al., 2017) . In aquaria, these diverse communities showed clear ecological succession during a 1-year incubation, and the presence of 16 S rRNA gene sequences from sulfate reducers was related to hydrogen sulfide accumulations first detected after 1 month of immersion (Yücel et al., 2013; Kalenitchenko et al., 2015) . Over this short time-scale, wood sulfate reducers could use small organic compounds derived from polysaccharide fermentation. The major polysaccharide present in wood is cellulose but plants also use sucrose to transport the carbon fixed in leaves or needles through the phloem (Büttner and Sauer, 2000; Lemoine et al., 2013) . Sucrose is used by many heterotrophic bacteria as a carbon source (Reid and Abratt, 2005) . Even if present as only a small part of the carbohydrate pool, sucrose may represent a less-refractory carbon source than cellulose for opportunistic bacteria.
Cellulose degradation in sunken wood is hypothesized to be done mostly after wood ingestion by macrofaunal borers such as Xylophaga spp. through enzymes produced by the microbial symbionts in the gills (Distel and Roberts, 1997; Voight, 2015) . Furthermore, it is thought that without the initial degradation of the wood by wood borers, which hydrolyze cellulose in association with their bacterial symbionts (Distel and Roberts, 1997) , sulfidic niches might not develop (Bienhold et al., 2013) . Xylophaga spp. are hypothesized to create niches for bacteria through the development of anoxic zones, which originate from the accumulation of faeces rich in cellulose degradation breakdown products and the production of mucus (Purchon, 1941; Bienhold et al., 2013) . It was recently shown that Xylophaga spp. faeces host-specific microbial communities , which supports the idea that Xylophaga spp. have an important role in the sunken wood ecosystem. However, recent results obtained from aquaria experiments suggest a different picture for the early stages of wood colonization. Sulfate-reducing bacteria quickly occupied the wood matrix, and hydrogen sulfide reached millimolar concentrations (41 mM [H 2 S]) before any wood borers were detected (Yücel et al., 2013; Kalenitchenko et al., 2015) .
In this study, we first tested whether the presence of wood microbes alone, without wood-boring bivalves, could lead to the production of hydrogen sulfide and provide support for a chemosynthetic ecosystem in the natural conditions of a deep-sea environment. Second, we tested whether the presence of borers modifies microbial community assembly and if it could favour sulfide availability for wood chemoautotrophs. We designed an exclusion experiment that was deployed for 2 months in a submarine canyon known to harbour Xylophaga spp. We used pine wood to compare our results with previous studies (Yücel et al., 2013; Fagervold et al., 2014; Kalenitchenko et al., 2015) and protected half of our replicate samples with a mesh to prevent Xylophaga spp. larval colonization. We characterized the microbial community by sequencing a partial fragment of the bacterial 16 S rRNA gene on an Illumina MiSeq system and by constructing shotgun metagenomes to reveal the genetic potential of the community. Hydrogen sulfide concentrations were measured continuously in situ and used as a marker for sulfate-reducing bacterial activity.
Materials and methods

Experimental design
Wood samples were cut from one branch of a 30-year-old pine tree (Pinus pinea) from the Banyuls-sur-Mer 'Biodiversarium' botanical garden. Six pieces of wood logs (10 cm in length and 14 cm in diameter) were placed in plastic cages (15 × 18 cm). Cages were made of a rigid plastic mesh with a 13 mm by 13 mm grid. Three cages were randomly selected and covered with a 50 μm mesh to prevent colonization by wood borer larvae (Culliney and Turner, 1976) . Three additional wood-containing cages were left unprotected. Sulfide potentiometric electrodes were inserted 25 mm into the wood through 2 mmdiameter holes drilled into one mesh-covered and one unprotected piece of wood. The hole diameter was minimized to avoid trapping water and sealed with Teflon tape. The pieces of wood were attached to an experimental platform and deployed at a depth of 520 m in the Lacaze-Duthiers submarine canyon in the Gulf of Lion (NW Mediterranean Sea), 25 km away from the shore (42°32'26''N, 03°25'9''E) on the 27th of April 2013 (Supplementary Figure 1) at a sea temperature of 14 ºC. The platform (with cages) was recovered 85 days later (Supplementary Figure 2) . Both operations were performed with a remotely operated underwater vehicle Super-Achille operated from the R/V Minibex (COMEX SA) as part of a larger integrated programme dedicated to the submarine canyon ecosystem.
Wood sampling and DNA extraction Wood samples were obtained by extracting wood cores with a 4.35 mm-diameter increment borer from logs recovered after 85 days of immersion. Each wood core was divided in two sub-samples: one surface sub-sample (S) covering the first centimeter of the wood, and one centre sample (C) taken from 4-5 cm deep inside the wood (Figure 1 ). Two wood cores were extracted from each of the three wood replicates: one sample was drilled 1 cm away from the bark close to the sapwood (Sa) and another 6 cm away from the bark in the heartwood (He) (Figure 1 ). Sapwood corresponds to the wood part that was alive when the tree was cut, whereas heartwood corresponds to the dead part of the tree. For the two wood logs equipped with a hydrogen sulfide sensor, an additional core was drilled at the electrode position (sample name ends with a *).
Wood core samples (1 cm long and 4.35 mm in diameter) were powdered using a TissueLyser (RETSCH Mixer Mill, Retsch Inc., MM301, Düssel-dorf, Germany) (Palacios et al., 2009) . Samples were placed in stainless steel grinding jars (25 ml, Retsch Inc., MM400), kept in liquid nitrogen for 5 min, and then powdered for 3 × 1.5 min at 25 Hz. DNA was extracted and purified from the wood powder with the Power Plant pro Mobio Kit (MOBIO Laboratories, Carlsbad, CA, USA) following an adapted version of the MoBio Protocol ). An extra clean-up step using isopropanol was performed to remove remaining contaminants like wood tannins that are not removed by the standard protocol.
16S rRNA gene and metagenome sequencing A partial fragment of the 16 S rRNA gene was amplified using bacteria-specific primers 28 F (5′-TTTGATCNTGGCTCAG-3′) and 519 R (5′-GTN TTACNGCGGCKGCTG-3′) (Teske et al., 1994; Vergin et al., 1998) and then sequenced by a commercial laboratory (Research and Testing Laboratory, Lubbock, TX, USA) on an Illumina MiSeq sequencer to produce 2 × 300 base pair (bp)-long paired-end sequences.
For a functional description of the wood communities, six samples were selected for shotgun metagenome sequencing. Libraries were prepared with 50 ng of DNA using the Nextera DNA sample preparation Kit (Illumina, San Diego, CA, USA) producing a library with an average insert size of 200 bp. The sequencing was performed on a Hiseq 2 × 150 bp Illumina sequencer by a commercial laboratory (Research and Testing Laboratory). One 
Sequence data analysis
The 16 S rRNA sequences were analyzed using the MiSeq standard operating procedure in Mothur (Kozich et al., 2013) . In brief, sequences were merged, giving ca. 500 bp-long fragments. Sequences were then trimmed for quality, and chimeras were removed using UCHIME (Edgar et al., 2011) with a minimum score to report chimera of 0.3, a smoothing window of 32 and a maximum number of candidate parents to consider of 2, and the silva gold database (v123) as reference (Pruesse et al., 2007; Quast et al., 2013) . Sequences were finally grouped using average linkage into oerational taxonomic units (OTUs) at a 97% sequence similarity threshold, and taxonomy was assigned with the Wang method of the Mothur (Schloss et al., 2009) classify.seqs command using the Silva database (v.123) (Pruesse et al., 2007) . The data set was resampled down to the number of sequences found in the sample with fewest sequences (SSa_WoM_2; 2425 sequences) and the singletons were removed resulting in a total of 568 OTUs. Sequences were deposited in the NCBI database under SRA accession number SRP058532 (Supplementary Table 1) .
For metagenomic data, adapter and primers were first removed from the sequences, and then pairedend reads were joined with a minimum overlap setting of 8 bp and a maximum difference of 10%. Both paired and unpaired reads were retained for further analysis. Low-quality regions (phred score ⩽ 15) were trimmed using SolexaQA (Cox et al., 2010) . We chose to analyze unassembled reads because the goal here was to annotate as many reads as possible rather than to reconstruct large bins. By assembling reads into bins the information contained in the read that cannot be assembled is lost. Reads that passed the quality trimming were dereplicated using a k-mer approach that identifies sequences with identical twenty character prefix, and then, artificial duplicate sequences were removed (GomezAlvarez et al., 2009). A machine learning approach known as FragGeneScan (Rho et al., 2010) identified open reading frames that were annotated using BLASTX (Camacho et al., 2009) against the M5NR (Wilke et al., 2012) , KEGG (Kanehisa and Goto, 2000) and Silva (Pruesse et al., 2007) databases. Analyses were conducted with the MG-RAST pipeline (Meyer et al., 2008) , and sequences are available under the accession number mgs476148, mgs476151, mgs476154, mgs476157, mgs476160 and mgs476163.
Diversity and statistical analysis
The Shannon and Simpson diversity indices were calculated on a resampled OTU table. Comparisons of alpha diversity indices were achieved in R with the default statistical package (2.15.13; Vienna, Austria) using non-parametric Mann-Whitney or the Kruskal-Wallis tests, followed by a multiple comparison test depending of the number of categories compared.
Beta diversity between samples was estimated with the Bray-Curtis dissimilarity index and then represented using an UPGMA (unweighted pair group method with arithmetic mean) clustering. Significant differences between sub-clusters were tested using a SIMPROF analysis (Yoshioka, 2008) . We constructed heatmaps that presented the community composition at the family level, including only families that contained 41% of the total sequence pool. Based on these heatmaps, we performed a Welch t-test to compare microbial community composition between samples. Analyses were conducted using the STAMP software (Parks et al., 2014) , and the relationship between OTUs and samples was displayed using the CIRCOS software (Krzywinski et al., 2009) .
For a sequence composition comparison between metagenomes, without the bias of annotation or assembly, we used the COMMET software (Maillet et al., 2014) . COMMET conducts a direct all against all comparison of non-assembled reads and then builds a similarity matrix. Before running COMMET we did a quality filtering and trimming using the Trimmomatic software (Bolger et al., 2014) using a sliding windows of 4 bp and a quality threshold of 20, then the first 15 bases and last 75 bases were trimmed. High-quality sequences were used as input.
We selected gene sequences belonging to bacteria based on the M5 non redundant protein database (Wilke et al., 2012) with an e-value cutoff of 1e − 5 , a minimum alignment coverage of 80% and a minimum length of 15 amino acids (aa). The selected sequences were then annotated with three different databases: subsystem (Overbeek et al., 2005) , COG (Tatusov et al., 1997) and KEGG ontology database (Kanehisa and Goto, 2000) , with an e-value cutoff of 1e − 5 , a minimum alignment coverage of 60% and a minimum length of 15 aa. Annotated gene abundances were normalized against the total number of bases sequenced in each sample. Then, we calculated a Bray-Curtis dissimilarity matrix between samples for the three different annotations to compare them. The subsystem annotation displayed a linear relationship against the COG annotation (Pearson, ð = 0.99577, P-value = 1.3366.10 ) with a slope value of 0.8605 and 1.0083, respectively, and an intercept close to 0 (0.0191 and − 0.0459, respectively). We therefore concluded that the choice of the database did not affect observations of inter-samples differences in annotated gene content. We chose the subsystem annotations for further analysis because it was the only one that revealed genes related to sulfur oxidation.
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Tomography data treatment and hydrogen sulfide measurement An unprotected wood piece was scanned on a 39 Watt RX Solution Tomograph with a high tension of 0-130 kW and an anode current of 0-300 μA. The freshly recovered wood was sampled for molecular biology then frozen at − 80°C, to kill the macrofaunal taxa, and finally dried in a controlled enclosure at 12% of relative humidity to allow an optimum visualization of the wood structures. The presence of Xylophaga spp. individuals in the wood was confirmed by the presence of previously identified Xylophaga spp. shells at the bottom of the burrows. Hydrogen sulfide was monitored inside the wood using Ag/Ag 2 S electrodes connected to an autonomous potentiometric sensor (NKE, SPHT), similar to the one used in a shallow water mangrove wood experiment (Laurent et al., 2013 (Laurent et al., , 2009 ) and in other deep-sea sulfidic environments (Mullineaux et al., 2012) . Calibration was performed in the laboratory, before and after deployment, to check the stability of the electrodes and allow semi-quantitative estimates. Because the associated glass electrode placed inside the wood failed, no pH measurement is available, preventing the quantification of sulfide concentration. Nevertheless, the signal of the Ag/Ag 2 S electrodes can be used to identify an increase in sulfide concentration above the detection threshold o1 μM) and to compare the sulfide ranges between the two conditions. Here, we present raw potential data to document the variation of sulfide over time, and particularly the steep decrease in potential matching the increase of sulfide measured above the detection threshold. We also calculated raw estimates of sulfide concentrations assuming a pH of 6.5 (that is, corresponding to an equimolar concentration of H 2 S and HS − in seawater), reflecting a median value in the pH range measured in immersed wood logs with borers, following transfer to the aquarium.
Results
Degradation of wood samples
All wood samples were recovered 85 days after being immersed at a depth of 520 m. Samples protected with mesh ( Figure 1a) did not have Xylophaga spp. holes on their surface but were covered by the remains of a white biofilm. In comparison, the wood samples without mesh had, on average, 40% of their surface covered by Xylophaga spp. holes (Figure 1b) . The hole bored artificially before the experiment for insertion of the sulfide electrode was close (0.9 mm) to a Xylophaga spp. hole. The potential impact of Xylophaga inside the wood pieces was estimated on a longitudinal scan obtained using X-ray tomography (Figure 1c) . The black areas show the Xylophaga spp. burrows, and the white circular parts at the end of the burrows are the shells of the animals. The burrows on the top of the wood were longer than the burrows at the bottom (with mean lengths of 2.6 cm and 1.2 cm, respectively). After 85 days of immersion, the X-ray tomogram showed that ca. 30% of the wood volume had been bored by Xylophaga spp.
Continuous measurement of sulfide concentration
Potential values measured for both mesh-protected and unprotected wood samples remained stable during the first 21 days of immersion, indicative of the absence of sulfide. After this plateau, a steep potential decrease was measured (Figure 2a) , indicating that dissolved hydrogen sulfide was starting to accumulate in the pore water surrounding the probe, at a depth of 25 mm inside the wood (Figure 2a) . After 23-24 days of incubation, a more progressive electrical potential decrease was observed, reaching a minimum of-0.47 V after 36 days in the meshprotected wood and-0.42 V after 40 days in the unprotected wood, which suggests a slower accumulation of sulfide over time in the unprotected wood. In the unprotected wood, the electrode potential continued to decrease to reach a minimum of − 0.57 V at the end of the experiment. Unprotected wood presented a fluctuating curve with potential slight re-increases after 57 and 63 days, followed by a large re-increase after 75 days, to result in a final potential of − 0.25 V.
Sulfide concentration estimated for a pH of 6.5, which provide semi-quantitative information concerning the sulfide ranges achieved in both wood samples, could be reliably calculated only after 35 days of immersion. They indicate markedly different patterns for the two sets of wood logs (Figure 2b ). The estimated concentration exceeded a value of 0.1 μM after 35 days in the protected wood and 5 days later in the unprotected wood. Subsequent hydrogen sulfide accumulation was, however, more pronounced when Xylophaga spp. were excluded. After 42 days, the estimated sulfide concentration exceeded 1 μM in the protected wood and continued to increase up to several tens of micromoles in the following month, whereas in the presence of Xylophaga spp., the estimated concentration remained below 1 μM. Hydrogen sulfide estimates indicated that a concentration of several hundred micromolar may be reached after 85 days at the end of the deployment period. Wood colonized by Xylophaga spp. showed only limited and ephemeral sulfide accumulation after 42 days and between 70 and 77 days during the deployment (Figure 2b ).
Community alpha and beta diversity Alpha diversity measured as the Simpson and Shannon index showed a significant difference between the high alpha diversity measured in surface samples compared to the low diversity measured in wood centre samples (Supplementary Figure 4) (Shannon, Mann-Whitney test, W = 23, Microbial basis of the wood-fall chemosynthetic ecosystem D Kalenitchenko et al P-value = 2.2e − 3 ; Simpson, W = 19, P-value = 8.7e − 4 ). There were no significant differences in alpha diversity between protected and unprotected samples (Supplementary Figure 4) .
The UPGMA cluster analysis separated the bacterial communities into two large clusters (SIMPROF, P40.01) (Figure 3) . One group contained all the samples from the wood center, whereas the other group contained samples from the wood surface. Within the surface cluster, all communities from the mesh-protected wood grouped together and were separated from the unprotected wood communities (Figure 3 ). Unprotected wood communities were more heterogeneous in their composition as shown by a loose clustering and longer branches in the dendrogram (Figure 3) . Within the centre communities, there was no difference between the protected and unprotected samples.
The heatmap represented the distribution of 21 bacterial families from the wood surface and 17 from the wood centre (Figure 3 ). Sequences affiliated with the Vibrionaceae family dominated all of the wood centre samples (60% of the sequences ± 20%, n = 11) and was dominant in only one unprotected sapwood surface sample (SSa_WoM_2). For surface samples, there were differences in the sequence abundance for the Bacteroidetes incertae sedi (P = 9.07e-4), Desulfovibrionaceae (P = 3.16e-3), Flavobacteriaceae (P = 0.024) and Rhodobacteraceae (P = 0.022). Desulfovibrionaceae and Bacteroidetes incertae sedi families were more abundant in the mesh-protected samples, whereas Flavobacteriaceae and Rhodobacteraceae were more abundant in the presence of Xylophaga spp. The Bacteroidetes incertae sedi members had low similarity to NCBI database sequences (o97%). The Desulfovibrionaceae were all assigned to the Desulfovibrio. One-third of the Flavobacteriaceae were assigned to the Cellulophaga and 17% to the Psychroserpens genera (497% similarity). One-third of the Rhodobacteraceae belonged to the Litoreibacter and 12% to the Sulfitobacter (497% similarity) (Supplementary Figure 5) .
Wood surface bacterial community composition
For a more precise description of the wood surface community composition, we analysed the communities at the OTU level. A circular diagram shows the relationship between the ten most abundant OTUs and the different wood surface samples (Figure 4) . The abundant OTUs (41% of the sequences) represented 50% of the sequences in the wood without protection whereas they represented 70% of the sequences in the protected wood (Figure 4) . OTU 1 and 8 sequences were found mostly in the surface sapwood samples without mesh (22.3% and 8.1%, respectively). OTU 1 was identified as belonging to the Vibrionaceae family but was distantly related to any known bacterium sequences (best match in NCBI, EU540484: 94%). OTU 8 was related to an uncultured Cellulophaga clone (97% sequence similarity) found in northwest Spanish coastal sediments. Microbial basis of the wood-fall chemosynthetic ecosystem D Kalenitchenko et al OTU 3 and 5 sequences were found mostly in wood surface that had been protected by the mesh (17.1% and 11.3%, respectively). Both OTU sequences belonged to the Desulfovibrio (95 and 99% similarity, respectively). This genus is known to contain bacteria that can produce sulfide from sulfate (Kuever, 2014) . OTU 3 was very closely related to a well-characterized Desulfovibrio that was isolated from deep-sea wood fall (Khelaifia et al., 2011) . OTU 6 and 7 were also typical for mesh samples (26.2%, 22.8% and belonged to the Bacteroidetes family, which is linked with high molecular weight polymer degradation rather than monomers (Cottrell and Kirchman, 2000; Fernández-Gómez et al., 2013) .
OTU 2 and 4 were found in both protected and unprotected wood logs, OTU 2 was found more frequently in unprotected heartwood (12.5%), and OTU 4 was found more frequently in sapwood with mesh (24.2%). OTUs 2 and 4 presented low similarity to Spirochaetaceae (93%) and Fusobacteriaceae sequences (92%), respectively.
Metagenome beta diversity
Metagenome beta diversity was represented as an UPGMA dendrogram ( Figure 5 ) constructed from the distance matrix calculated with the COMMET software (Maillet et al., 2014) . The metagenomes separated in two main clusters. One contained the two unprotected surface samples that had been bored by Xylophaga spp. The second cluster contained two sub-clusters: one that grouped the two wood centre metagenomes and the other one with the two protected surface samples. The metagenome cluster analysis revealed a different pattern than the bacterial diversity analysis, which first discriminated the vertical position in the wood logs. Figure 3 Bacterial community composition similarity between wood samples represented as a UPGMA cluster analysis based on the Bray-Curtis similarity index. Black cluster tips indicate protected samples, and white tips show unprotected samples. The heatmap represents the proportion of the most abundant bacterial families (41% of the total number of sequences present in each of the two main clusters). Families marked in black showed a significant difference in relative sequence abundance (Welch t-test, α = 0.05) between protected and unprotected samples.
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Functional genes
We focused on genes involved in metabolic pathways potentially present during wood degradation in the marine environment (Supplementary Table 2 ). The plots of gene abundance at the wood surface against abundance in the wood centre show first that the selected pathways are always present at the surface when they are detected in the wood centre ( Figure 6) . Second, this comparison shows that when the wood is protected against borers, the relative abundance of many of the targeted functional genes decreased in the wood centre ( Figure 6,  Supplementary Figure 6c ). This is true for genes related to sulfur oxidation that decreased from 62 occurrences to 0, genes related to aerobic respiration that decreased from 1239 to 48 and genes related to The ribbon width represents the total number of sequences from an OTU that belong to a sample pool. Purple ribbons indicate an unprotected sample category, whereas orange ribbons show protected samples categories. Darker ribbons connect OTUs to heartwood samples, whereas lighter ribbons connect OTUs to sapwood samples. The bars below the OTU names indicate the contribution of each sample pool to these OTUs.
Microbial basis of the wood-fall chemosynthetic ecosystem D Kalenitchenko et al the cellulosome that decreased from 18 to 0. Third, boring by Xylophaga spp. in the unprotected wood decreased the occurrence of fermentation related genes at the surface from 13836 occurrences in absence of wood borers to 2303 in their presence. This was also observed for genes related to dissimilatory sulfate reduction that decreased from 2292 occurrences to 261 occurrences and aerobic respiration from 4000 to 2240 occurrences in presence of Xylophaga spp. (Supplementary Figure 6a) . Some metabolic pathways were not impacted by the presence of Xylophaga spp. like nitrate reductionrelated genes with 820 occurrences in the absence of borers and 915 occurrences when they were present.
Discussion
Our 520 m depth experiment revealed the ability of sunken wood microorganisms to produce hydrogen sulfide in the absence of Xylophaga spp. under natural deep-sea conditions. We thus demonstrate that microorganisms alone could produce a significant amount of reduced compounds essential for the chemolithotrophic growth of symbiotic or free-living microorganisms. This short-term exclusion experiment in a submarine canyon validates that microbial organic substrate degradation in seawater can lead to relatively high level of sulfide production in the absence of wood borers, consistent with the result of earlier experiments based on aquaria incubations (Yücel et al., 2013) . Using shotgun metagenomics, we have located the community that have the genetic capacity to produce hydrogen sulfide within the first centimetre of wood rather than at the wood center even in the absence of wood borers. This finding contradicts the hypothesis that wood-boring bivalve colonization is the primary driver of the creation of anoxic niches available for bacteria to produce sulfide (Turner, 1973; Bienhold et al., 2013; Voight, 2015) . In the early stage of immersion, bacteria appear to be the primary colonizers that may favour the subsequent settlement of macrofaunal species such as the wood-boring bivalves or chemosynthetic mussels. The impact of Xylophaga spp. on the wood matrix was nevertheless very important. The bivalves had degraded ca. 30% of the wood after only 3 months of immersion, and no such degradation of the wood matrix was observed in the protected wood. The disruptive effect of Xylophaga spp. has been for long observed in the deep-sea. The first observations made from the Alvin in 1972 described sunken wood after 104 days of immersion as 'weakened and falling apart while touched by the submarine arm' (Turner, 1973) . Experiments showed more recently that Xylophaga spp. are fast growing deep-sea organisms (Tyler et al., 2007; Ristova et al., 2017) . Xylophaga spp. also grew quickly in our Western Mediterranean experiment, but, more interestingly, they significantly impacted the wood microorganism communities.
Surface microbial communities from Xylophaga spp. colonized wood logs were significantly different from communities of protected wood logs. In addition, sulfide accumulation in the wood was lower in the presence of Xylophaga spp., suggesting that bivalve colonization impacted microbial activity. Xylophaga spp. containing wood logs had more bacteria belonging to the Flavobacteriaceae and Rhodobacteriaceae families. Because members of the Rhodobacteriaceae family are aerobic, we hypothesize that through the boring activity of Xylophaga spp. oxygen is introduced into the wood. Xylophaga spp. inhale seawater with their inhalant siphon centimetres away from the wood surface burrow and then after breathing part of the oxygen exhale the partially oxygenated water close to their shell (Purchon, 1941; Voight, 2015) . This partially oxygenated water brings other seawater electron acceptors (sulfate, nitrate), creating new redox gradients that can influence the microbial communities and enhance the recruitment of taxa with diverse energetic pathways. We observed an higher proportion of sequences related to Rhodobacteriaceae, Litoreibacter (OTU17) and Sulfitobacter (OTU32) that are both strictly aerobic (Sorokin, 1995; Romanenko et al., 2011) , and Sulfitobacter, which is a potential chemolithotroph (five sulfitobacter genera out of the nine known to date) that is able to oxidize sulfide (Sorokin, 1995) . These changes in the community composition occurred simultaneously with changes in the metabolic pathways present within the wood. The appearance of niches suitable for hydrogen sulfide consumers, suggested by the presence of Sulfitobacter and the higher proportion of sequences associated with the sulphur oxidizing SOX gene family, could explain the lower sulfide accumulations in Xylophagacolonized wood logs. However, the lower concentrations may also be due to lower production rate, as fewer potential sulfate-reducing taxa and fewer genes associated to sulfate reduction pathways were detected when the wood was tunnelled by woodboring bivalves.
The Flavobacteriaceae family contains aerobic bacteria (Bernardet and Nakagawa, 2006) that are capable of degrading a large variety of macromolecules (Reichenbach, 2006) , from cellulose to fucoidan (Sakai et al., 2002) . Among them, members of the Cellulophaga (OTU 8) may be strictly aerobic and able to use disaccharides such as cellulobiose but not cellulose (Pati et al., 2011) . Some genes associated to the cellulosome, which is the protein complex responsible for cellulose degradation (Bégum and Lemaire, 1996) , were present when Xylophaga spp. were boring the wood, but they were not detected when the wood was protected. We thus make the hypothesis that cellulose-degrading genes were either brought within the wood directly by the Xylophaga spp., who may harbour wood-digesting bacteria within their gut (Distel and Roberts, 1997) , or indirectly, by increasing the bio-accessibility of the cellulosic material (Voight, 2015) and thus favouring the development of new ecological niches suitable for cellulose-degrading bacteria.
In the absence of Xylophaga spp., the wood is anoxic as suggested by the dominance of sequences from anaerobic or facultative anaerobic bacteria from the Bacteroidetes incertae sedi and Desulfovibrionaceae families. This corroborates previous aquaria experiments that showed wood became suboxic after only 2 days in seawater (Yücel et al., 2013) . These earlier aquaria measurements also indicate that the possible absence of oxygen on the surface of the mesh-protected in situ wood logs was not due to a mesh-effect. Anoxia favours fermentative pathways inside the wood as indicated by the presence of OTUs that belong to the Marinifilum genus, which has been previously found in sunken wood (Fagervold et al., 2012; Ristova et al., 2017) and comprises facultative anaerobes that ferment sugars (Na et al., 2009) . The presence of fermentation marker genes within the wood in both experimental conditions is also a strong indicator. Fermentation products such as acetate could then be used as a carbon source by organisms from the Desulfovibrionaceae family, which are able to reduce sulfate to hydrogen sulfide. The desulfovibrionaceae OTU 3 was very close to Desulfovibrio piezophilus previously found on sunken wood (Khelaifia et al., 2011; Kalenitchenko et al., 2015) .
There were also significant differences in composition and diversity between communities from the surface and the centre of the wood, which is in accordance with results obtained earlier in an aquaria experiment (Kalenitchenko et al., 2015) . In both protected and unprotected wood logs, the wood centre was not impacted by the Xylophaga spp. burrows. All centre samples were dominated by one single OTU identified as belonging to the Vibrionaceae family. Vibrionaceae have been detected in sunken wood after only 1 day of immersion (Bienhold et al., 2013) and are massively present in all of our samples collected after 2 months but not detected in the same range of dominance in older samples (Bienhold et al., 2013; Kalenitchenko et al., 2015; Ristova et al., 2017) , which highlight the opportunistic lifestyle of this marine OTU.
Our data show that Xylophaga spp. wood-boring activity enhanced the diversification of metabolic pathways inside the wood and thus perturbed the early colonizing bacterial communities previously described ex situ (Kalenitchenko et al., 2016) . If Xylophaga spp. were absent from the ecosystem because of disrupted larval connectivity (Glover et al., 2013) or because wood logs reach anoxic areas (Björdal, 2012) , the early bacterial communities would be maintained, and wood degradation would rely on fermenting bacteria. Degradation will be slow and sulfide enrichment will be high resulting in long-persisting wood as illustrated by discoveries of marine archaeological wood logs (Sandström et al., 2002) .
Conclusion
We demonstrated the capacity of the sunken wood microbial community to produce hydrogen sulfide, which is the base of the wood chemosynthetic ecosystem, in the absence of Xylophaga spp. in a natural deep-sea environment. The accumulation of hydrogen sulfide in the wood occurred in the absence of Xylophaga spp. The bivalves' burrows 
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